Background: Attention-Deficit/Hyperactivity Disorder (ADHD) frequently co-occurs with
Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is a common neurodevelopmental disorder characterized by developmentally inappropriate and impairing levels of inattention, hyperactivity and impulsivity (Biederman & Faraone, 2005) . ADHD frequently co-occurs with externalizing disorders; 30-50% of individuals meeting the criteria for ADHD also fulfill the criteria for Conduct Disorder (CD) or Oppositional Defiant Disorder (ODD) (Angold, Costello, & Erkanli, 1999; Biederman, Newcorn, & Sprich, 1991; Singh, 2008) , and population-based studies suggest that ADHD-like and externalizing traits show considerable covariation in the general population (Costello, Mustillo, Erkanli, Keeler, & Angold, 2003) . Previous research has shown that ADHD is present in about 24-45% of adult prison inmates (Young & Thome, 2011) , but little is known about the developmental trajectories leading to this serious outcome.
Although externalizing problems (e.g., ODD and CD symptoms) may occur early in life they are often assumed to be preceded by ADHD symptoms. Previous research has therefore mainly explored ADHD as a risk for later development of externalizing traits. Longitudinal studies of children with ADHD into adolescence and adult life suggest that externalizing outcomes such as antisocial personality disorder, criminality and substance abuse is more frequent among people with ADHD compared to children without psychopathology (Barkley, Fischer, Smallish, & Fletcher, 2004; Klein et al., 2012; Mannuzza, Klein, Abikoff, & Moulton, 2004; Satterfield et al., 2007) . Some studies have shown that childhood ADHD predicts externalizing outcomes, even in the absence of co-occurring ODD and CD symptoms in childhood (Elkins, McGue, & Iacono, 2007) , whereas other suggest that the elevated risk for externalizing outcomes disappears after controlling for co-morbid CD (Lahey, Loeber, Burke, Rathouz, & McBurnett, 2002; Lee, Humphreys, Flory, Liu, & Glass, 2011; van Lier, van der Ende, Koot, & Verhulst, 2007) . To our knowledge, only two studies has explored if externalizing traits influence later ADHD-like traits; a study of clinic-referred boys reporting that childhood CD predicted later ADHD symptoms, when early levels of ADHD were controlled, but not vice versa (Lahey et al., 2002) , and a study where screening positive for conduct problems in boys aged 6 to 7 did not predict hyperactivity ratings at age 16 to 18 when controlling for a positive screening for conduct problems in childhood (Taylor, Chadwick, Heptinstall, & Danckaerts, 1996) . Clearly, the dynamic relationship between ADHD-like and externalizing traits has not yet been adequately described, in particular during different developmental periods from childhood to adulthood.
Twin studies of ADHD-like traits among children and adolescents have consistently showed strong genetic influences, with heritability estimates around 60-90% (Burt, 2009; Faraone et al., 2005) whereas both genetic and shared environmental influences seem to be important for externalizing traits, especially during childhood (Burt, 2009; Rhee & Waldman, 2002) . There is also evidence that the overlap between ADHD-like and externalizing traits, such as ODD and CD symptoms, are mainly of genetic origin (Dick, Viken, Kaprio, Pulkkinen, & Rose, 2005; Knopik et al., 2013; Nadder, Rutter, Silberg, Maes, & Eaves, 2002; Tuvblad, Zheng, Raine, & Baker, 2009 ); however, not all studies have reached that conclusion (Burt, Krueger, McGue, & Iacono, 2001 ).
Longitudinal twin studies have suggested that continuity in ADHD-like (Chang, Lichtenstein, Asherson, & Larsson, 2013) and externalizing traits (Wichers et al., 2013) is mainly due to genetic effects operating across time, and that developmental change in these traits is attributable to new genetic factors that emerge from childhood to early adulthood. Less is known about how stable and new factors contribute to comorbidity over time; in fact, no prior twin study has 6 explored how the comorbidity between ADHD-like and externalizing traits is maintained across the development from childhood to early adulthood. To investigate this we analyzed data collected at four waves from age 8 to age 20 in a Swedish population-based twin study, the Twin study of CHild and Adolescent Development (TCHAD; Lichtenstein, Tuvblad, Larsson, & Carlstrom, 2007) . We aimed to; (1) explore the longitudinal direction of effects between ADHDlike and externalizing traits by simultaneously estimating the longitudinal phenotypic associations between the two traits when controlling for the preexisting associations. (2) Decompose the covariation between ADHD-like and externalizing traits at each time-point into components of stability (i.e., comorbidity maintained by stable sources) and innovation (i.e., comorbidity due to new sources). (3) Decompose these sources into their genetic and environmental etiologies. for parents (all time-points), and 78%, 82% and 59% for the twins (early adolescence to young adulthood) (Kendler, Gardner, & Lichtenstein, 2008; Lichtenstein et al., 2007) . In young adulthood the twins were contacted to give consent before parents were approached with the 7 questionnaire. The study was approved by the regional ethics committee at Karolinska Institutet, Stockholm, Sweden. Informed consent was not required since Swedish rules states that response to the questionnaire constitutes consent.
Methods

Sample
Measures
Ratings of ADHD-like traits came from the Attention Problems scale (AP), ratings of externalizing traits came from the Externalizing scale (Ext), both scales are from the Achenbach System of Empirically Based Assessment (Achenbach, 1991a (Achenbach, , 1991b Achenbach & Rescorla, 2003) . In middle childhood the Child Behavior Checklist (CBCL; Achenbach, 1991a) was used for parent-ratings; in early and late adolescence CBCL was used for parent-rating and Youth
Self-Report (Achenbach, 1991b) was used for self-ratings; in young adulthood the Adult Behavior Checklist (Achenbach & Rescorla, 2003) was used for parent-ratings and Adult SelfReport (Achenbach & Rescorla, 2003) was used for self-ratings. Parents and twins were asked to rate the behavior within the past six months. Each construct (AP and Ext) consisted of several questions, each rated on a three-point scale (0 = not true; 1 = sometimes true; 2 = often true). The scales were the sum of the item scores; there was no item overlap across the two scales.
Consistent with previous research, we used the AP-scale as a measure of ADHD (Chang et al., 2013) , and the combination of two subscales of aggressive and delinquency/rule-breaking behaviors as the measure of Ext (Wichers et al., 2013) . Both scales had a slightly skewed distribution and were therefore log-transformed before analysis.
Statistical analyses
The analysis is based on the assumptions in the twin method (Neale & Cardon, 1992) ; MZ twins share 100% of their co-segregating genes, while DZ twins on average share 50%. Furthermore,
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MZ and DZ twin pairs are assumed affected by their shared environment to the same extent. The variance within, and covariance between, phenotypes is partitioned into additive genetic sources (A), shared (between twins in a pair) environmental sources (C), and environmental sources unique to each twin (E). To assess the appropriateness of performing analysis on the present data we performed a series of tests of equality of means and covariance matrices between twin order and zygosity (see eAppendix A for details). These analyses showed that models with more restrictions always was preferable to the less restricted (eTable 1), therefore we considered the data to be appropriate for analysis. The most restricted model (Model 5; eTable 1) was used for calculating correlations within and between twins in pairs.
To model the co-development of AP and Ext we used a cross-lagged model (Burt, McGue, Krueger, & Iacono, 2005) including the four time-points (Figure 1 ). In line with previous research (Chang et al., 2013; Kendler et al., 2008; Wichers et al., 2013) , we used a measurement model that combines parent-and self-ratings to generate indexes of unobserved latent factors (AP 1 -AP 4 and Ext 1 -Ext 4 ) reflecting the shared view across raters. The measurement part of the model included rater-specific latent variables (F APP , parent-rated AP; F APS , self-rated AP; F ExtP parent-rated Ext; F ExtS self-rated Ext) to handle rater-bias. Each measurement had an error term (ε) to remove bias due to time-specific effects. Analyses of AP and Ext have earlier found to similar results between genders (Chang et al., 2013; Wichers et al., 2013) ; thus, we did not fit gender-specific models. However, each measure was adjusted for gender. The cross-lagged model constrains associations across age, after adjustment for rater and timespecific bias, to take the form of regression coefficients. The cross-age stability paths (β 1121 , β 1222 , β 2131 , β 2232 , β 3141 , and β 3242 in Figure 1 ) estimate the stability of AP and Ext, when controlling for the preexisting association between the two phenotypes. The cross-lagged paths estimate the independent contribution of AP at the earlier time-point on Ext at the consecutive time-point (β 1122 , β 2132 and β 3142 ) and the independent contribution of Ext at the earlier timepoint on AP at the consecutive time-point (β 1221 , β 2231 and β 3241 ), while controlling for the stability in the two phenotypes. The variance and covariance of the latent constructs AP 1 and Ext 1 at time-point 8-9 was partitioned into A, C and E factors (Neale & Cardon, 1992) . Similarly, at subsequent time-points, the residual (unexplained) variance and covariance of the latent constructs AP and Ext were decomposed into A, C and E. In eAppendix B the model is described in greater detail.
The cross-lagged model allowed us to simultaneously explore the direction and etiology of the longitudinal relationship between AP and Ext:
1. Direction of effect: The longitudinal direction of effects was inferred from the cross-age stability and cross-lagged paths.
Stability and innovation:
Estimates for A, C, and E at each time-point, and cross-age stability and cross-lagged paths, were used to estimate covariation between AP and Ext and to identify the relative contribution of innovation and stability for maintained covariation.
3. Genetic and environmental sources of covariance: The estimates were also used to calculate the contributions from genetic and environmental sources in innovation and stability for maintained covariation.
eAppendix B describes how relevant parameters were calculated. For point 2 and 3 above we followed an approach suggested in Greven, Rijsdijk, Asherson, and Plomin (2012) 
Results
Descriptive
Twin correlations (i.e., within-twin pair maximum likelihood correlations) are reported in Table   1 . MZ-twin correlations were generally twice that of DZ-twins, for example, for parent-rating of Ext at age 8-9 MZ twins had a correlation of 0.67 while DZ twins had a correlation of 0.37. For each phenotype at each time-point, the correlations between raters were moderate; ranging from 0.34 to 0.42 (eTable 2). The correlations between the phenotypes, within rater, at each timepoint were higher; between 0.54 and 0.61 (eTable 2). The phenotypic stability (within rater) was highest between two adjacent time-points, and declined as the time-points were further apart (eTable 2). Correlations between twins in pairs for different raters and/or time-points and/or traits were higher in MZ compared to DZ twins in all but two instances, indicating that genetic effects are important also for the comorbidity and over development (eTable 3). The cross-lagged model
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We fitted the cross-lagged model; the most important results are presented in Figure 2 and 3, the standardized genetic and environmental variance components are found in eTable 4, whereas all parameters estimates from the model are presented in eTable 5.
Direction of effects
All standardized stability paths were large (0.52-0.88) and significant, that is, each phenotype at one time-point was predicted by the same phenotype at the previous time-point, while adjusting for the other phenotype at the previous time-point (Figure 2 ). Only two out of the potential six cross-lagged paths were significantly different from zero; Ext at age 8-9 predicted AP at age 13-14, with a standardized regression coefficient of 0.18, and AP at age 16-17 predicted Ext at age 19-20, with a standardized regression coefficient of 0.13 (Figure 2) . To quantify the effect sizes of the cross-lagged paths we may compare them to the effect sizes of the corresponding stability paths; one standard deviation (SD) increase in AP at age 8-9 predicted a 0.52 SD increase in AP at age 13-14 while one SD increase in Ext at age 8-9 predicted a 0.18 SD increase in AP at age 13-14. At age 16-17 one SD increase in AP and Ext predicted 0.13 and 0.67 SD increase in Ext at age 19-20, respectively. could be assumed to be the same across the different time-points; that is, a model where the fractions of genetic effects were assumed equal at 67% across time-points did not yield a poorer fit (LRT: χ 2 = 5.50, df = 3, p-value = 0.138). Forty-six per cent of the genetic effects were from 13 innovation sources (i.e., the remaining 54% of the genetic covariance was due to genetic stability); a model constraining the relative contribution of innovation A to be constant at 46%
over the last three time-points did not fit the data worse (LRT: χ 2 = 2.02, df = 2, p-value = 0.364).
Discussion
Contrary to the established view that ADHD is preceding externalizing behaviors, we found that externalizing traits in middle childhood influenced ADHD-like traits in early adolescence.
However, ADHD-like traits in late adolescence influenced externalizing traits in early adulthood, which is consistent with the notion that childhood ADHD contributes independently to antisocial personality disorder, criminality and substance abuse in adulthood (Barkley et al., 2004; Elkins et al., 2007; Lee et al., 2011; Satterfield et al., 2007) . The correlation between the traits increased across age, thus the correlation between ADHD-like and externalizing traits in adulthood is not only due to pre-existing associations between the traits (Lynam, 1996) . Interestingly, genetic innovation explained a significant part of this overlap, indicating that change in the etiologic factors is the rule, rather than the exception. The combination of these findings indicates that both clinicians and researchers need to consider complex etiologic and developmental models for the comorbidity of ADHD and externalizing behaviors. For instance, our finding that childhood externalizing traits predicts elevated levels of ADHD symptoms in adolescence may challenge the validity of the DSM age-at-onset criterion for ADHD.
Our study extends previous findings by suggesting that the pattern of co-development change across time. One study specifically exploring the potential importance of a dynamic codevelopment of ADHD-like and externalizing traits suggest that childhood externalizing 14 problems predicts subsequent levels of ADHD (Lahey et al., 2002) ; we replicate this finding.
Our finding of no direct longitudinal association between ADHD-like traits in mid-childhood and externalizing traits in early adolescence, adjusting for pre-existing overlaps between the traits, is also in line with some of the previous research (Lahey et al., 2002; Lee et al., 2011; van Lier et al., 2007) . We observed non-significant cross-lagged effects from early adolescence to late adolescence. This finding is novel and may suggest that the co-occurrence of ADHD-like and externalizing traits is stable during this developmental period. In contrast to the developmental relationship observed from childhood to early adolescence (i.e., externalizing traits predict ADHD-like traits), the reverse association was observed from mid-adolescence to early adulthood, indicating that ADHD-like traits may exacerbate externalizing tendencies in the transition from adolescence into adult life.
As expected, we found high correlations between ADHD-like and externalizing traits at all timepoint from childhood to adulthood (Angold et al., 1999; Biederman et al., 1991; Costello et al., 2003; Singh, 2008; Young & Thome, 2011) . Our data indicate that the correlations between ADHD-like and externalizing traits in adolescence and adulthood was partly due to stable sources of covariation, which is consistent with the view that the comorbidity originates early and remains stable over time. This is in line with research showing that children with ADHD plus externalizing problems are at increased risk for a similar behavioral profile in adulthood (Lynam, 1996 ). Here we demonstrate that the magnitude of the covariation increase over time and that innovative effects were equally important as stable sources. Clearly, future attempts to understand the development of the comorbidity between ADHD and externalizing traits needs to use longitudinal data and consider both stable and time-varying factors.
In line with previous research, we found that the overlap between ADHD-like and externalizing traits was largely explained by shared genetic factors (Dick et al., 2005; Knopik et al., 2013; Nadder et al., 2002; Tuvblad et al., 2009 ). Particularly, one study has shown that the covariation between the two traits across time is governed by genetics (Nadder et al., 2002) . Our results confirms these findings and moreover suggests that stable shared environment factors may contribute to the covariation between ADHD-like and externalizing traits in early adolescence.
This finding needs to be interpreted carefully as most ( 
Strength and limitations
One of the strengths of this study is that is uses a representative sample; all twins born during approximately 18 months in Sweden were invited to participate. The data used have been collected prospectively in four waves from mid-childhood to young adulthood. We have utilized as much information as possible by including multiple informants; this allowed us to try and isolate a shared view of the traits measured, and remove rater-bias. Researchers have previously argued that this approach produces more valid inferences since it includes subjective and objective views of the constructs and accounts for rater-specific changes over development (Chang et al., 2013; Kendler et al., 2008; Wichers et al., 2013) .
A limitation of this study is that the associations across time-points are forced to go through the cross-age stability and cross-lagged paths. This puts a constraint on how genetic and environmental factors influences subsequent time-points, i.e. the stability contributions to covariance. This is in contrast to the "Cholesky decomposition" approach, used in for example previous studies of the two traits in this sample (Chang et al., 2013; Wichers et al., 2013) , where genetic and environmental factors are allowed to more freely influence the measures at later time-points.
The fact that we are using a population-based sample and quantitative measures of ADHD and externalizing problems, rather than clinically diagnosed ADHD, may limit the generalizability to more extreme forms of ADHD. However, we have recently observed a strong genetic link between the extreme and the sub-threshold variation of ADHD symptoms, suggesting that the same etiologic factors are involved in the full range of symptoms of inattention, hyperactivity and impulsivity (Larsson, Chang, D'Onofrio, & Lichtenstein, 2013) .
Although the sample has relatively high response-rates in the younger ages, the attrition is not insignificant, with the lowest response-rate for the twins in young adulthood of 59%. If the responders are not representative of the cohort, the parameter estimates (especially in the older ages) might be biased.
Conclusions
This study challenges a simplistic view of ADHD as a stable condition that co-occurs with externalizing behavior because of early emerging stable factors. Our findings provide an empirical foundation for more developmentally-dynamic theories of the comorbidity. Future research that aims to enhance our understanding of the mechanisms underlying the codevelopment of ADHD and externalizing disorders needs to take bi-directional relationships and time-varying etiologic factors (i.e., genetic and environmental innovation) into consideration.
Key points
 ADHD and externalizing/anti-social behaviors frequently co-occur; the etiology of this comorbidity is not well investigated.
 Using a longitudinal assessed twin cohort we disentangled stable and emerging sources of covariation between the traits.
 Externalizing traits predicted ADHD-like traits from middle childhood to early adolescence while ADHD-like traits predicted externalizing traits from late adolescence to young adulthood.
 About 50% of the covariation between the traits was attributable to previous measures of the traits, and 50% to newly emerging sources; a majority of which were genetic.
 The development of comorbidity of ADHD and externalizing behavior seems to be more dynamic than generally considered, future research and clinical practitioners need to take bidirectionality and emerging factors into consideration. .75 We used the Bayesian Information Criterion (BIC) and likelihood ratio tests to evaluate the fit of models. These tests were performed to be certain that twins are (1) comparable in gender-adjusted means between twin order and zygosity, (2) comparable in covariance between measurements within individual regardless of twin order and zygosity, and (3) symmetric in covariances between twin order (i.e. that the covariance of measure X in twin 1 with measure Y in twin 2 is similar to the covariation of measure X in twin 2 with measure Y in twin 1). If these criteria are fulfilled we can treat the data as exchangeable within individuals regardless of twin order and zygosity, and across twins regardless of twin order (separately per zygosity). We base our model on these assumptions.
Test of assumptions
We began by fitting a free model where all covariances were estimated independently, and means estimated separately and adjusted for gender (Model 1). We tested whether adjustment for gender on the mean values could be assumed to be equal between zygosity and twin order (Model 2). We then equated the means between zygosity type and twin order (Model 3) to see whether this lead to a worse model fit. A model where the covariances within individuals were assumed to be the same regardless of twin order as well as zygosity (Model 4) was then compared to the previous models. Finally we tested whether the between twin covariances could be assumed symmetric within each zygosity separately (Model 5). Model fitting is presented in eTable 1; the BIC indicated that the more restricted models was always preferable to the less restricted, furthermore a likelihood ratio test indicated that Model 5 did not have a significantly worse fit than the least restricted Model 1 (difference in -2 log likelihood = 625.10, difference in degrees of freedom = 581, p-value = 0.100), suggesting that the assumptions were not violated. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Here the model is explained in greater detail than in the main paper. Within an individual we may focus on two parts of the model; (1) The measurement model for AP and Ext, and (2) the structural model, including the quantitative genetic estimates. In Figure 1 in the main paper a sketch of the full model within a subject is seen. In eFigure 1a and 1b the measurement model and structural model are shown in greater detail. In these figures all estimated parameters are implied except means and regression on gender for the measured variables (14+14=28 parameters). Also not shown are the correlation between parent-rater effect (F APP and F ExtP ) and self-rater effect (F APS and F ExtS ) between twins in a pair, which is allowed to differ between zygosity (4+4=8 parameters).
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eFigure 1a: Measurement model for AP, the measurement model for Ext is similarly defined.
Footnote: Circles indicates latent variables, boxes measured variables. The variance of AP 1 -AP 4 are separated into additive genetic (A), shared environment (C) and non-shared environment (E). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Page 36 of 49 JCPP
Model setup
Below follows a mathematical description of the model.
The structural part of the structural equation model is set up in the following way:
( 1) where (=1,2,…,N; N = number of twin pairs) is the twin pair number and (=1,2) is the twin number, and , and are latent, unobserved, variables, and and are matrices of regression parameters;
Furthermore there are some covariance matrices involved regarding the variables and :
Page 38 of 49 JCPP   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Note that captures the innovation effects at time-points 2, 3 and 4. The " "-parameters are estimated by including MZ and DZ twin pairs in the analysis; Let be the genetic similarity of twin pair , which is 1 for MZ twins and 0.5 for DZ twins. The covariance between twins is thus
The measurement part of the model is set up as follows:
where is the gender of twin in twin pair (=0 if male and =1 if female), and 
where refers to a diagonal matrix. All possible covariances not mentioned in equations (1)-(7) are assumed to be zero. The model is represented by a total of 118 parameters.
The modeled covariance matrix, within a twin in a pair, assuming the fixed effects in and known and adjusted for, can be written as
To find the solution note that latent variable may be expressed in terms of latent variables and . From equation (1) we have
where is the identity matrix of dimension 6 by 6. It may also be noted that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Page 40 of 49 JCPP
The resulting covariance matrix within an individual may be written as
Between twins in a pair the solution is
Thus, for each twin pair we may construct an expected covariance matrix as
and use likelihood techniques to find a solution for the unknown parameters.
Estimating standardized regression coefficients
We have defined the covariance matrix for ( ) to be , and for ( ) we may find
From these matrices we can find the variances of each latent construct, and calculate standardized regression coefficients. If is the unstandardized regression coefficient where the dependent variable is regressed on the independent variable , the standardized regression coefficient is defined as
where ( ) is the standard deviation of the variable in question. For the current application this may look like where super-index refers to cell [row, column] in the matrix.
Standardized innovation effects
To get standardized innovation effects, meaning the and at each time-point, we divide with the variance from and . For example, let be the standardized ;
Quantifying the correlation at each time-point
To be able to tease out which sources (i.e., A, C or E) the variation comes from first note that we may state a covariance matrix, within individual, for the structural model:
In this equation we may divide the sources of covariance into specific A, C and E-parts, as well as in time-points. Let superscript represent A, C or E coefficients, and let subscript represent time-point 1, 2, 3 and 4; At time-point 1 we may write
Similarly, for subsequent time-points,
It is thus possible to construct the stable and innovation sources of covariance. For example, at time-point 3 we include effects at time-points 1 and 2 in "stable" part, and effects at time-point 3 in "innovation" part. This can be written as
and we focus on the cells in time-point 3 (i.e., dimensions 5 to 6 in matrices) that are of interest. In the current paper we focus on the correlation therefore we would take cell [5, 6] in the equations (21), and similarly for C and E to produce (let superscript [row, column] 
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